Abstract: This paper proposes a reflective fiber mercury ion sensor based on the surface plasmon resonance (SPR) principle and chitosan (CS)/polyacrylic acid (PAA) multilayer sensitive film. By optimizing the coating parameters of the gold film, the refractive index (RI) sensitivity of the reflective SPR sensor is demonstrated to be 2110.33 nm/RIU. Then, a multi-layer CS/PAA film is fixed on the surface of the gold film as a mercury ion sensitive film to form a reflective SPR fiber mercury ion sensor. Experimental results demonstrate that the sensor can be used to detect different concentrations of mercury ions with a high sensitivity of 0.5586 nm/µM and good specificity and repeatability. Therefore, the reflective SPR fiber mercury ion sensor shows great promise for future applications of environmental monitoring and drinking water safety.
Introduction
The problem of heavy metal pollution is becoming more and more serious and has always been one of the key issues of environmental pollution [1, 2] . Mercury, as one of the heavy metal contaminants, causes serious health issues, affecting neurological, renal organ, and gastrointestinal systems [3] . The main form of mercury as a pollutant is mercury ion (Hg 2+ ), which has high chemical activity in solution [4] . Therefore, a reliable and convenient Hg 2+ detection method is of great significance for the safety of drinking water. There are many traditional methods for Hg 2+ detection, such as those based on colorimetry and fluorescence [5, 6] , nanoparticles [7] or functional polymers [8] . These methods typically require time-consuming assay procedures and complex specialized laboratory equipment and samples.
In contrast, fiber optic sensors have unique advantages, such as multiplexing, high flexibility, high sensitivity, remote sensing, low cost, and immunity to electromagnetic interference [9] [10] [11] , which play an increasingly important role in the detection of heavy metal ions. In recent years, researchers proposed many fiber sensing technologies to detect heavy metal ions, including: Evanescent wave absorption [12] , Mach-Zehnder interferometer [13] , fluorescence [14] , and surface plasmon resonance (SPR) [15] . Compared with other methods, the optical fiber SPR sensor has higher sensitivity. It has been reported that fiber optic SPR sensors have been used to detect the concentration of manganese ions [16] , cadmium ions [17] , and mercury ions [18] in solution. However, the sensitive films of the presented mercury ion sensors usually rely on gold nanoparticles, the use of which does not ensure uniformity of the film, and thus affecting the linearity and even measurement accuracy of such sensors [18, 19] . Besides, the sensing heads of the present sensors often work in the transmission type [18, 20] , which is not convenient for the insertion of the sensing head into the analysis solution and not suitable for remote measurement of this kind of sensor. It has been demonstrated that fiber SPR sensors could also work in the reflective type by coating an Au mirror [21] or Ag mirror [18] on the fiber end. However, the additional coating process of the metal film on the fiber end increases the fabrication complexity of the sensing head. Besides, the Ag film is easily oxidized, which then influences the reflectivity.
In order to solve the above problems, this paper proposes a reflective fiber SPR sensor for measuring Hg 2+ concentrations. The sensor head is fabricated by splicing a single mode fiber (SMF) and a multimode fiber (MMF). A gold film for exciting SPR and a gold mirror for reflecting optical resonance are simultaneously coated on the surface of the SMF by using a sputtering apparatus. This reflective sensing structure can be used as a plug-in probe and is suitable for remote measurement. Also, a multilayered chitosan (CS)/polyacrylic acid (PAA) was successfully and uniformly coated on the side surface of the gold film, which was demonstrated as a low cost and excellently sensitive film for the detection of the Hg 2+ concentrations [20] . When Hg 2+ is adsorbed on the sensitive film, the refractive index of the sensitive film changes with the Hg 2+ concentration to affect the resonant peak wavelength of the SPR. In addition, the fiber optic sensor designed in this paper has relatively good recyclability and stability while being simple to manufacture and operate.
Simulation and Experiment

Preparation of Optical Fiber SPR Sensing Probe
As shown in Figure 1 , the reflective fiber SPR Hg 2+ sensor is made of an SMF (with a core diameter of 8.2 µm, cladding diameter of 125 µm, and length of 1 cm) and an MMF (with a core diameter of 62.5 µm and cladding diameter of 125 µm). The difference in the core diameters between the MMF and the SMF makes the light leak into the cladding of the SMF. When the leaked light is reflected at the boundary of the cladding region and the surrounding environment under conditions of total internal reflection, the light wave induces the optical evanescent wave on the surface of the SMF. A gold thin film for exciting SPR is coated on the surface of the SMF, whose coating layer is removed. Further, the surface of the gold film of the SMF portion is coated with an Hg 2+ sensitive film. When light enters the SMF from the MMF, a portion of the light enters the cladding of the SMF, producing a large number of cladding modes. The coupling mode and surface plasmon wave couples in accordance with the phase matching conditions, resulting in an SPR spectrum.
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Chitosan (CS)/polyacrylic acid (PAA) was selected as the sensitive film for Hg 2+ sensing. During the sensitive film coating process, the surface of the Au film was subjected to activation-COOH treatment so that the CS/PAA sensitive film was stably fixed on the Au film. As shown in Figure 5 , the Au film surface activation-COOH treatment step and the CS/PAA sensitive film coating were as follows: (1) The sensor probe was thoroughly cleaned by using anhydrous ethanol and distilled water in turn; (2) the sensor probe was inserted into mercapto undecanoic acid (MUA) solution with a concentration of 50 mmol/L for one day at room temperature conditions, so the -HS in the MUA molecule combined with the Au film to form a stable Au-S bond, and the -HS and -COOH were modified on the surface of the Au film; (3) the sensor probe was immersed in a mixed solution, which consisted of 0.4 mol/L EDC (1-ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride) and 0.1 mol/L NHS (N-hydroxysuccinimide) at a ratio of 1:1 for one hour at room temperature, which activated the -COOH; (4) the sensor probe was attached to a dip coater, and then immersed in a 2% CS solution at a speed of 100 mm/min, then allowed to stand for 7 min, and finally pulled out from the CS solution at a speed of 100 mm/min, during which the -COOH on the surface of the Au film coupled with -NH2 in the CS to adsorb the CS molecule onto the Au; (5) the sensor probe was immersed in an 8% PAA solution at a speed of 100 mm/min and stand for 7 min, and then pulled out at a rate of 100 mm/min, during which the PAA solution was absorbed; (6) steps (4) and (5) were repeated until an appropriate number of layers of CS/PAA sensitive film were coated on the surface Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 10 film were 6 mA for the coating current and 90 s for the coating time. By comparing the optimum experiment result shown in Figure 3b (the blue line corresponds to a length of 10 mm, refractive index of 1.3321, coating current of 6 mA, and coating time of 90 s) and the optimum simulation result shown in Figure 2c (the red line corresponds to an Au length of 10 mm, refractive index of 1.33, Au thickness of 40 nm), we can suppose that the thickness of the Au film under the optimal experimental parameters is around 40 nm. Figure 4 shows micrographs of the fiber sensing probe before and after Au coating at this optimal parameter, which demonstrated that the Au film is coated well on the surface of the fiber by using the above method. 
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Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 of the Au film; (7) the sensor probe coated with the sensitive film was placed in a 60 °C incubator for 12 h to completely dry the sensitive film and fix it on the probe surface. 
Experimental Device
The measurement system of the reflective fiber SPR Hg 2+ sensor is shown in Figure 6 , which consists of a halogen light source, a Y-type fiber coupler, a marine spectrometer, a computer, and a reflective SPR fiber sensor head. Light is emitted from the light source and transmitted to the sensing area through one port of the Y-type fiber. The sensor probe carries the Hg 2+ concentration information, which enters the spectrometer through another port of the Y-type fiber. Finally, the Hg 2+ concentration can be obtained by demodulating the output spectrum shown on the computer. 
Performance Test
Refractive Index Measurement Experiment
A fiber SPR sensor can detect the change of the external refractive index, which is the basic measurement principle of an Hg 2+ sensor. Therefore, we first carried out the refractive index measurement experiment of the reflective fiber SPR sensor before coating the CS/PAA sensitive film. As shown in Figure 7 , when the external refractive index increases from 1.3333 to 1.3787, the resonant dip of the SPR moves towards the long wavelength direction. From the fitting result shown in Figure  7b , the refractive index sensitivity of the SPR sensor reaches 2110.33 nm/RIU and the coefficient of determination, R 2 (also known as goodness of fit), is 0.9798. The maximum value of R 2 is 1, and the closer the R 2 gets to 1, the better the linearity of the fitting curve. The experiment results are consistent with the simulation results shown in Figure 2c , which demonstrates the feasibility of the fabricated sensor in high-sensitive refractive index sensing. In addition, combined with the sensitive properties of the CS/PAA sensitive film, we can conclude that the proposed sensor can be used for the sensing of Hg 2+ concentrations. Therefore, in subsequent experiments, we will investigate and analyze the 
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Optimization of the Number of Layers of Hg 2+ Sensitive Film
Under the same conditions, fiber reflective SPR sensors with Hg 2+ sensitive films of 5 layers, 10 layers, and 15 layers were fabricated, named as (CS/PAA)5, (CS/PAA)10, and (CS/PAA)15, respectively. These fiber sensors were immersed in 50-μM Hg 2+ solution, and the output spectra were recorded with the detection time, respectively, as shown in Figure 8 . From the experimental results, it can be seen that with the increase of the detection time, the spectral wavelength moves to the long wavelength direction, and finally stops moving. This is because the adsorption of Hg 2+ leads to an increase of the cross-linking degree and an increase of the refractive index of the sensitive film. The wavelength shifts at equilibrium are 15 nm, 20 nm, and 6 nm, respectively. When measuring the same concentration of Hg 2+ solution, the (CS/PAA)10 sensor has the largest spectral wavelength shift, namely the highest sensitivity. Therefore, the optimal number of layers of the sensitive film was selected as 10 in the following experiments. 
Measurement Experiment of Mercury Ion Concentration
In order to test the sensing characteristics of the reflective SPR Hg 2+ sensor, a series of Hg 2+ solutions with different concentrations were prepared by diluting 1 mmol/L standard solution of Hg 2+ with ultra-pure water. Figure 9a shows 
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In order to test the sensing characteristics of the reflective SPR Hg 2+ sensor, a series of Hg 2+ solutions with different concentrations were prepared by diluting 1 mmol/L standard solution of Hg 2+ with ultra-pure water. Figure 9a shows the change of the wavelength shift with time when detecting different concentrations of Hg 2+ solution. When the detection time reached about 20 min, the spectrum stopped changing and reached stability. A linear fitting relationship between the spectral wavelength shift and Hg 2+ concentration is shown in Figure 9b . With the increase of the Hg 2+ concentration, the wavelength shift increases when the spectrum finally reaches stability. The sensitivity of the sensor is 0.5586 nm/µM in the concentration range of 0 to 30 µM, 0.1239 nm/µM in the concentration range of 30 to 100 µM, and 0.02 nm/µM in the concentration range of 100 to 200 µM. From the experimental results, it can be seen that the concentration sensitivity of the sensor decreases with the increase of the Hg 2+ concentration in the solution. This is because the chelating sites of Hg 2+ in the sensing film gradually reach saturation, and the refractive index of the sensing layer gradually reaches the maximum value. 
Specificity Analysis
Since CS and PAA were the sensitive materials chosen in this experiment, the -NH2 and -COOH in the molecule can form chelates with most metal ions. Therefore, the sensitive film can not only adsorb Hg 2+ , but also other metal ions, such as K + , Na + , Cu 2+ , Ag + , and Fe 3+ . In order to investigate the specificity of the fiber SPR Hg 2+ sensor, K + , Na + , Cu 2+ , Ag + , and Fe 3+ solutions with an ion concentration of 50 μM were prepared, and then solutions containing different ions with the same concentration were measured by the SPR sensor. The experimental results are shown in Figure 10 . As can be seen from Figure 10a , with the increase of the detection time, the wavelength shift increases gradually with the detection time, and finally reaches stability. It can be seen from Figure 10b that the stable wavelength shift of Hg 2+ is obviously larger than that of the other ions. Therefore, this proposed SPR sensor shows good specificity to Hg 2+ . Figure 11a shows the wavelength shifts of the resonant spectra during the detection of Hg 2+ solutions with different concentrations. After each detection of the Hg 2+ concentration, the sensor was immersed in dilute hydrochloric acid solution with pH = 3.1. After about 10 min, the tracking wavelength could be basically restored to its original position. It can be seen that when the sensor was immersed in solution of different concentrations, the spectral wavelength shifts differently. The main reason is that when the pH of the tested solution was less than 4, the -NH2 and -COOH in the sensitive materials were protonated, resulting in the release of Hg 2+ bound to it, which guarantees the regeneration and reuse of the sensor. Experimental results show that the sensor has no large loss after 10 times being reused and shows good repeatability performance. The same sensor was also used to detect Hg 2+ solution of a 50 μM concentration with five cycles in a month. In each cycle, the sensor was firstly inserted into the Hg 2+ solution of a 50 μM concentration until the resonant wavelength reached equilibrium, and then the sensor was immersed in dilute hydrochloric acid solution with pH = 3.1 until the resonant wavelength recovered to the original wavelength. Figure 11b shows the 
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Since CS and PAA were the sensitive materials chosen in this experiment, the -NH 2 and -COOH in the molecule can form chelates with most metal ions. Therefore, the sensitive film can not only adsorb Hg 2+ , but also other metal ions, such as K + , Na + , Cu 2+ , Ag + , and Fe 3+ . In order to investigate the specificity of the fiber SPR Hg 2+ sensor, K + , Na + , Cu 2+ , Ag + , and Fe 3+ solutions with an ion concentration of 50 µM were prepared, and then solutions containing different ions with the same concentration were measured by the SPR sensor. The experimental results are shown in Figure 10 . As can be seen from Figure 10a , with the increase of the detection time, the wavelength shift increases gradually with the detection time, and finally reaches stability. It can be seen from Figure 10b that the stable wavelength shift of Hg 2+ is obviously larger than that of the other ions. Therefore, this proposed SPR sensor shows good specificity to Hg 2+ . Figure 11a shows the wavelength shifts of the resonant spectra during the detection of Hg 2+ solutions with different concentrations. After each detection of the Hg 2+ concentration, the sensor was immersed in dilute hydrochloric acid solution with pH = 3.1. After about 10 min, the tracking wavelength could be basically restored to its original position. It can be seen that when the sensor was immersed in solution of different concentrations, the spectral wavelength shifts differently. The main reason is that when the pH of the tested solution was less than 4, the -NH 2 and -COOH in the sensitive materials were protonated, resulting in the release of Hg 2+ bound to it, which guarantees the regeneration and reuse of the sensor. Experimental results show that the sensor has no large loss after 10 times being reused and shows good repeatability performance. The same sensor was also used to detect Hg 2+ solution of a 50 µM concentration with five cycles in a month. In each cycle, the sensor was firstly inserted into the Hg 2+ solution of a 50 µM concentration until the resonant wavelength reached equilibrium, and then the sensor was immersed in dilute hydrochloric acid solution with pH = 3.1 until the resonant wavelength recovered to the original wavelength. Figure 11b shows the experimental results. In each cycle, the wavelength shifts of the sensor at equilibrium were 20 nm, 20 nm, 21 nm, 19 nm, and 21 nm, respectively. A small difference between the measurement results of the five cycles exists. Besides, the rising velocities of the five cycles are different. It was apparent that there was a small difference between the measurement results of the five cycles. Besides, the rising velocities of the five cycles were different. As the long internal time between the first cycle and the fifth cycle (30 days), the potential influencing factor may be the temperature disturbance (the temperature variation in our lab may be 10 • C), which will influence the response velocity of the sensor. Besides, the variation of temperature will change the physicochemical properties of the CS/PAA sensitive film and the sensing properties of the SPR sensor, which will then induce measurement error in the mercury ion sensor. To solve this temperature crosstalk problem, one feasible method is to measure the mercury ion concentration and temperature simultaneously, and then compensate the influence of temperature [23, 24] . We will focus on this problem in the future. the five cycles exists. Besides, the rising velocities of the five cycles are different. It was apparent that there was a small difference between the measurement results of the five cycles. Besides, the rising velocities of the five cycles were different. As the long internal time between the first cycle and the fifth cycle (30 days), the potential influencing factor may be the temperature disturbance (the temperature variation in our lab may be 10 °C), which will influence the response velocity of the sensor. Besides, the variation of temperature will change the physicochemical properties of the CS/PAA sensitive film and the sensing properties of the SPR sensor, which will then induce measurement error in the mercury ion sensor. To solve this temperature crosstalk problem, one feasible method is to measure the mercury ion concentration and temperature simultaneously, and then compensate the influence of temperature [23, 24] . We will focus on this problem in the future. 
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In this paper, a reflective fiber SPR sensor based on an MMF-SMF structure was proposed to measure the concentration of Hg 2+ in solution. We spliced SMF and MMF, coated Au as an SPR metal the five cycles exists. Besides, the rising velocities of the five cycles are different. It was apparent that there was a small difference between the measurement results of the five cycles. Besides, the rising velocities of the five cycles were different. As the long internal time between the first cycle and the fifth cycle (30 days), the potential influencing factor may be the temperature disturbance (the temperature variation in our lab may be 10 °C), which will influence the response velocity of the sensor. Besides, the variation of temperature will change the physicochemical properties of the CS/PAA sensitive film and the sensing properties of the SPR sensor, which will then induce measurement error in the mercury ion sensor. To solve this temperature crosstalk problem, one feasible method is to measure the mercury ion concentration and temperature simultaneously, and then compensate the influence of temperature [23, 24] . We will focus on this problem in the future. 
In this paper, a reflective fiber SPR sensor based on an MMF-SMF structure was proposed to measure the concentration of Hg 2+ in solution. We spliced SMF and MMF, coated Au as an SPR metal film, and attached CS and PAA as a mercury ion sensitive film to form a sensor probe. The experiment results showed that the detection sensitivity of the sensor was up to 0.5586 nm/μM. Moreover, the 
In this paper, a reflective fiber SPR sensor based on an MMF-SMF structure was proposed to measure the concentration of Hg 2+ in solution. We spliced SMF and MMF, coated Au as an SPR metal film, and attached CS and PAA as a mercury ion sensitive film to form a sensor probe. The experiment results showed that the detection sensitivity of the sensor was up to 0.5586 nm/µM. Moreover, the sensor had a certain specificity and repeatability, and the performance did not change significantly within one month. This reflective sensing structure is good for remote detection of metal ions and can be further used for measuring the concentration of other metal ions if suitable sensitive materials are selected.
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